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1276Objectives: The study objectives were to compare the neurodevelopmental outcomes of preschool survivors of
the Fontan procedure with those of children with congenital heart disease undergoing biventricular repair and to
investigate predictors of neurodevelopmental outcome for those with single ventricle congenital heart disease,
including hypoplastic left heart syndrome.
Methods: Neurodevelopmental outcomes were assessed at 4 years of age, including cognition, visual–motor
integration, behavior, social skills, and academic achievement. Unadjusted outcomes were compared between
patients with biventricular circulation and patients with single ventricles. Predictors of neurodevelopmental
outcome were assessed in the patients with single ventricles. Multiple covariate models were evaluated using
patient-related, operative, and postoperative covariates.
Results: Neurodevelopmental evaluation was performed in 365 children, 112 after the Fontan procedure
(hypoplastic left heart syndrome, n ¼ 91; other single ventricle, n ¼ 21) and 253 after biventricular repair.
Compared with patients with biventricular circulation, patients with single ventricles performed worse in terms
of processing speed, inattention, and impulsivity. Otherwise, there were no significant differences between the
groups for any domain. There was a trend toward lower performance for patients with single ventricles on visual
motor integration. Outcomes for patients with hypoplastic left heart syndrome were not worse than for other
forms of functional single ventricle. Patient factors were more important predictors of neurodevelopmental
outcomes than were operative management variables.
Conclusions: In this cohort, unadjusted neurodevelopmental outcomes for preschool survivors of the Fontan pro-
cedure are similar to those for children with congenital heart disease undergoing biventricular repair for most do-
mains. Among the patients undergoing the Fontan procedure, hypoplastic left heart syndrome was not associated
withworse outcomes comparedwith other forms of single ventricle. (J Thorac Cardiovasc Surg 2014;147:1276-83)Supplemental material is available online.
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The Journal of Thoracic and Cardiovascular SurOver the past 15 years, innovations in surgical techniques
and perioperative care have resulted in improving
survival for patients with the most complex forms of
congenital heart disease (CHD), especially those born
with a functional single ventricle (SV), including hypo-
plastic left heart syndrome (HLHS).1 With improved
survival has come the realization of neurobehavioral
disabilities and impaired functional outcomes in a
significant portion of the survivors. Indeed, for all children
with CHD, neurodevelopmental (ND) dysfunction has
become the most common and potentially the most
disabling outcome for CHD and their treatment.
Patients with SVs who ultimately undergo the Fontan
operation are at the greatest risk for ND disability. These
patients usually undergo multiple surgical procedures
with cardiopulmonary bypass (CPB) and often deep
hypothermic circulatory arrest (DHCA). Hospitalizations
are multiple and typically longer than for those with a
biventricular (BV) circulation. In addition, before the
completion of the Fontan operation all patients with SVs
have chronic hypoxemia, which may be a significant risk
factor for later cognitive dysfunction and ND abilities.
Previous studies have suggested that as a group, patientsgery c April 2014
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APOE ¼ apolipoprotein E
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CHD ¼ congenital heart disease
CPB ¼ cardiopulmonary bypass
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IQ ¼ intelligence quotient
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Gaynor et al Congenital Heart Diseasewith SVs function within the low normal range for cognitive
performance and many other developmental domains.2-4
The current study was undertaken to access ND
performance in multiple domains for children with various
forms of SV physiology undergoing staged reconstruction
surgery and ultimately the Fontan procedure, and to
(1) compare the ND outcomes with children with other
forms of CHD who underwent a BV repair and (2) evaluate
potential risk factors for adverse ND outcomes in the cohort
of children with SV physiology.C
H
DMATERIALS AND METHODS
The current study is a secondary analysis of data from a prospective
longitudinal study evaluating the association between ND dysfunction
and polymorphisms of the apolipoprotein E (APOE) gene in preschool
patients (aged 4-5 years) after cardiac surgery.5 Patients aged 6 months
or less undergoing surgery for CHD using CPB with or without DHCA
were eligible. Exclusion criteria included multiple congenital anomalies,
a recognizable genetic syndrome other than chromosome 22q11
microdeletion syndrome, and language other than English spoken in the
home. The institutional review board at The Children’s Hospital of
Philadelphia approved the study, and the parent or guardian provided
informed consent.
The population for the current study consisted of all patients who had
returned for ND evaluation at 4 to 5 years of age and who had achieved
an end state of a BV repair or Fontan procedure. Children who had
not achieved one of these end states or who had undergone cardiac
transplantation were not included in the analysis.
Operative Management
Operations were performed by 5 cardiac surgeons with a dedicated team
of cardiac anesthesiologists. Alpha-stat blood gas management was used.
Pump flow rates were not standardized for this study. DHCAwas used at
the surgeon’s discretion. Before DHCA, patients underwent core cooling
and topical hypothermia of the head to a nasopharyngeal temperature of
18C.Modified ultrafiltration was performed in all patients. Patients recov-
ered in a cardiac intensive care unit with a dedicated group of cardiac
intensivists.
Data Collection
Preoperative factors, including gestational age, birth head circum-
ference, birth weight, and preoperative intubation, were obtained from
birth and hospital records. Weight, age at operation, and type of operationThe Journal of Thoracic and Carwere recorded along with perfusion data, including CPB time, aortic
crossclamp time, and duration of DHCA. Total support timewas calculated
as CPB time plus DHCA time. Total DHCA timewas calculated as the sum
of the duration of each episode of DHCA.
Four-Year Neurodevelopmental Examination
The ND examination was performed between the fourth and fifth
birthdays. Maternal education, socioeconomic status, and ethnicity were
determined by parental report. A medical history was obtained focusing
on illness, rehospitalizations, neurologic events or interim evaluations,
current medications, and parent concerns over health.
Patients were evaluated by a genetic dysmorphologist at 1- or 4-year
evaluations. Additional genetic analyses were performed if indicated.
Neonatal recognition of dysmorphic features can be difficult; therefore,
some patients were enrolled for whom the diagnosis of a genetic syndrome
was not made until a later evaluation. Patients were classified as having no
definite syndromic/chromosomal abnormality (normal), a suspected genetic
syndrome (suspect), or a definite syndromic/chromosomal abnormality
(abnormal). APOE genotype determination, whole blood, or a buckle swab
was obtained before the operation and stored at 4C. Genomic DNA was
prepared to determine the APOE genotype using a previously published
method.5
Cognitive outcomes were assessed using the Wechsler Preschool and
Primary Scale of Intelligence, Third Edition,6 which provides 4 scales:
Verbal intelligence quotient (IQ) estimates verbal reasoning and
comprehension and attention to verbal stimuli. Performance IQ estimates
nonverbal reasoning, including fluid reasoning, spatial processing, and
perceptual organization. Full Scale IQ is a summary of both types of
reasoning. Processing Speed estimates the ability to process information
without making errors. Visual-motor integration was assessed with the
Developmental Test of Visual Motor Integration, a simple copying task
that assesses the child’s fine-motor and visual-motor coordination skills.7
Academic achievement (school readiness for reading and math) was tested
using the reading and math clusters of the Woodcock-Johnson III, a
standardized achievement test for children from 2 years to adulthood.8 If
a child was judged to be too developmentally impaired to complete the
tasks, he/she was assigned the lowest possible score for the specific test;
if a child was unable to complete the task for other reasons, the child
was excluded from the analysis for that domain.
Inattention, impulsivity, and social skills were assessed by parental
report. Inattention and impulsivity were also assessed by the Impulsivity
and Inattention Scales of the Attention Deficit/Hyperactivity Disorder
Rating Scale-IV Preschool Version.9 Social Competence was assessed
by the Preschool and Kindergarten Behavior Rating Scales Social Skills
Total Score, which details social cooperation, social interaction, and so-
cial independence as reported by parents.10 Social interaction skills were
also assessed using the Child Behavior Checklist for ages 1.5 to 5
years,11 which is a questionnaire used to obtain parental reports of
behavior problems and prosocial adaptive skills demonstrated within
the previous 6 months. Specifically, the Pervasive Developmental Prob-
lem scale was used to assess the prevalence of problems in the area of
reciprocal social interactions and restricted behaviors (eg, repetitive
behavior or disturbed by change). This scale was developed to incorpo-
rate some of the behavioral symptoms that the Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition, lists as criteria for the diag-
nosis of an autism spectrum disorder (autism, Asperger syndrome, or
pervasive developmental disorder not otherwise specified). High scores
on the Pervasive Developmental Problem scale do not confirm the diag-
nosis of an autism spectrum disorder but suggest that further evaluation
is warranted.
Data Analysis
Data analysis proceeded in 3 distinct phases: a descriptive phase in
whichwe computed and evaluated the descriptive information for the groupdiovascular Surgery c Volume 147, Number 4 1277
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Das a whole and by subgroup (Fontan, BV), a comparison phase in which we
compared the distributions of standardized scores of each ND outcome
between the BV and SV cases, and a modeling phase in which we
identified risk factors for each of the aforementioned ND outcomes in
the SV cases. A more complete description of each phase is provided
next. All data were analyzed using SAS version 9.3 (SAS Institute Inc,
Cary, NC).
Descriptive Phase
Simple descriptive statistics were computed using both parametric and
nonparametric measures of central tendency, variability, and association
for all relevant variables in the data set. Measures of skewness and kurtosis
were evaluated for all outcomes to test for normality and subsequent
modeling. Histograms and frequency counts were generated for variables
that were dichotomous or categoric in nature.
Comparison Phase
Two sets of comparisons were computed; the first involved comparing
children with Fontan circulation with children with BV circulation across
a series of patient-related and surgical variables. The 2 groups were then
compared with respect to level of impairment for cognitive function,
visual-motor integration, academic achievement, and social skills. All of
these instruments have an expected mean of 100, with a standard deviation
(SD) of 15. Moderate impairment for all tests was defined as a score
between 1 SD and 2 SDs less than the expected mean. Severe impairment
was defined as a score more extreme than 2 SDs below the expected mean.
In the normative population, approximately 16% will have scores more
extreme than 1 SD below the mean and approximately 2.5% will have
scores more extreme than 2 SDs below the mean. Inattention, impulsivity,
social skills, and restricted behaviors also were compared between groups.
For both sets of comparisons, Wilcoxon rank-sum tests were used for data
that were continuous in nature, including ordered categoric data, and
chi-square tests of association were used for data that were categoric
nature. Fisher exact tests were used when expected cell counts were less
than 5.
Modeling Phase
In the risk-factor modeling phase, a series of 20 single covariate
generalized linear models were specified and tested for each of the 11
aforementioned outcomes. The 4 cognitive scores, the visual motor scores,
and the 2 academic achievement scores were all evaluated using a
generalized linear model with a Gaussian (normal) distribution and an
identity link, whereas the 4 behavioral and social skills scores were
evaluated using models with a Poisson distribution and a log link. Because
of the rather skewed nature of the achievement scores, both math
achievement and reading achievement scores were transformed as follows:
WJ Math (1.96) and reading achievement (0.55) using Box-Cox transforma-
tions. Multiple covariate models were then evaluated using candidate
covariates with Wald statistic P values of .05 or less. The criterion for
statistical significance for all models, single covariate and multiple
covariate, was set at the unadjusted a ¼ 0.05 level.RESULTS
Study Group
Between September 1998 and April 2003, 675 eligible
infants underwent cardiac surgery. A total of 23 infants
died before consent was obtained, and parents of 102 infants
declined participation in the study, resulting in 550 infants
(81%) enrolled. There were 21 deaths during the initial
hospitalization and an additional 43 deaths before 5 years
of age. A total of 486 patients were eligible for the 4-year1278 The Journal of Thoracic and Cardiovascular Surevaluation, which was completed by 381 patients (78%
of all eligible patients). Baseline characteristics were
compared for patients who returned for the 4-year
evaluations, those who did not return (n ¼ 105), and
those who died before 4 years of age (n ¼ 64). The
only statistically significant difference in baseline charac-
teristics between returning and nonreturning patients was
under-representation of black patients among the returning
patients (21% vs 29%).12
Patients were considered for enrollment in the current
analysis if they had achieved an end state of a completed
BV repair or a Fontan operation. Patients who had not
achieved one of these end states or who had undergone
cardiac transplantation were not considered in this analysis.
A total of 365 patients met entry criteria for this analysis.
BV repair had been achieved in 253 patients, and 112
patients had undergone the Fontan procedure. Preoperative
and demographic variables are listed in Table 1. There were
no significant differences between the patients undergoing
BV repair and the patients with SVs in terms of
gender, ethnicity, gestational age, birth weight, birth head
circumference, maternal education, or socioeconomic
status. The presence of a definite genetic anomaly was
more common in patients undergoing BV repair (17%)
compared with the patients undergoing the Fontan
procedure (6%) (P < .01). Patients who underwent the
Fontan operation were more likely to have mechanical
ventilation before the initial operation (P<.01).
Operativemanagement variables are shown in Table 2 for
the initial operation and subsequent operations with CPB
before the ND evaluation. Patients undergoing the Fontan
procedure were younger and weighed less at the time of
the initial surgery and were more likely to have undergone
use of DHCA. Postoperative length of stay was also
significantly longer for patients who underwent the Fontan
procedure. In addition, all patients who underwent the
Fontan operation had additional operations with CPB
compared with only 11% of patients with BV repair group.
Almost all patients who underwent the Fontan procedure
were also exposed to additional periods of DHCA.
Neurodevelopmental Outcomes: Biventricular
Repair Versus Fontan Procedure
Unadjusted outcomes for all the ND domains tested are
shown in Table 3 for the entire cohort and the BV repair
and Fontan groups. Scores for the entire cohort were
generally in the low normal range for all domains tested.
Comparison of the BV repair and Fontan groups
shows that ND outcomes are similar. The Fontan group
performed significantly worse in terms of processing
speed and demonstrated significantly higher scores (worse
performance) for inattention and impulsivity. Otherwise,
there were no statistically significant differences between
the BV repair group and the SV group for any domaingery c April 2014
TABLE 1. Preoperative and demographic variables
Variable All patients (n ¼ 365) BV repair (n ¼ 253) Fontan (n ¼ 112) BV vs Fontan P value
Gender
Male 209 (57%) 141 (56%) 68 (61%) .37
Female 156 (43%) 112 (44%) 44 (39%)
Ethnicity .12
White 249 (68%) 167 (66%) 82 (73%)
Black 75 (21%) 52 (21%) 23 (21%)
Other 41 (11%) 34 (13%) 7 (6%)
Gestational age (wk) 38.5  2.2 38.5  2.2 38.4  1.9 .33
Birth weight (g) 3,124  637 3,090  639 3,199  630 .14
Birth head circumference (cm) 33.6  2.1 33.5  2.0 33.8  2.2 .06
Genetic anomaly <.01
Normal 286 (78%) 194 (77%) 92 (82%)
Suspect 28 (8%) 15 (6%) 13 (12%)
Abnormal 51 (14%) 44 (17%) 7 (6%)
Maternal education
Less than high school 19 (5%) 12 (5%) 7 (6%) .95
High school/some college 152 (42%) 106 (42%) 46 (41%)
College 129 (36%) 90 (36%) 39 (35%)
Graduate 63 (17%) 44 (17%) 19 (17%)
Socioeconomic status .81
Professional/medium business 40 (11%) 30 (12%) 10 (9%)
Skilled/clerical 75 (21%) 50 (20%) 25 (22%)
Semi-skilled 115 (31%) 79 (31%) 36 (33%)
Unskilled 133 (37%) 94 (37%) 39 (36%)
Preoperative mechanical ventilation (yes) 110 (30%) 63 (25%) 47 (42%) <.01
BV, Biventricular.
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SV group on visual motor integration (P ¼ .06).
The prevalence and severity of moderate and severe im-
pairments were also compared between the BV repair group
and the SV group (Table 4). For most domains evaluated,
the number of patients with moderate to severe impairment
was greater than expected for the general population, but the
majority of children (74%-92%) performed within the
normal range. The pattern of impairment was not different
between the BV repair group and the Fontan group forTABLE 2. Operative variables
Variable All patients (n ¼ 365) BV
First operation
Age (d) 43.7  54.4
Weight (kg) 3.9  1.3
CPB time (min) 65.6  39.3
DHCA used (yes) 211 (58%)
DHCA time (min) 39.0  16.4
Hematocrit after hemodilution (%) 27.9  4.1
Postoperative length of stay (d) 11.8  12.7
Subsequent operations
Additional operations with CPB (yes) 140 (38%)
Mean additional operations with CPB 0.7  0.9
Additional CPB time (min) 100.4  62.5
Additional DHCA (yes) 105 (29%)
Additional DHCA time (min) 45.1  22.6
BV, Biventricular; CPB, cardiopulmonary bypass; DHCA, deep hypothermic circulatory a
The Journal of Thoracic and Carmost domains. In the Fontan group, there were more
patients with moderate impairment of visual-motor
integration (P ¼ .02). There was a trend toward greater
impairment of processing speed, a measure of executive
function, in the Fontan group (P ¼ .09).
Predictors of Neurodevelopmental Outcomes After
the Fontan Procedure
With respect to all models, patient factors were more
important predictors than operative management variables.repair (n ¼ 253) Fontan (n ¼ 112) BV vs Fontan P value
55.4  56.7 17.1  37.2 <.01
4.1  1.3 3.5  1.0 <.01
70.9  42.9 53.6  25.8 <.01
112 (44%) 99 (88%) <.01
35.8  16.4 42.5  15.8 <.01
27.4  4.1 28.8  3.9 .01
10.7  13.2 14.4  11.3 <.01
28 (11%) 112 (100%) <.01
0.1  0.4 1.9  0.3 <.01
68.6  50.7 108.4  62.8 .02
7 (3%) 98 (88%) <.01
22.3  13.3 46.7  22.3 <.01
rrest.
diovascular Surgery c Volume 147, Number 4 1279
TABLE 3. Unadjusted neurodevelopmental outcomes
All patients (n ¼ 365) BV repair (n ¼ 253) Fontan (n ¼ 112) BV vs Fontan P value
Cognition
Full Scale IQ* 95.3  19.0 96.2  19.8 93.3  17.1 .18
Verbal IQ* 96.6  18.9 96.8  19.6 96.3  17.5 .80
Performance IQ* 94.9  18.4 95.9  19.1 92.8  16.4 .14
Processing Speed* 94.7  16.6 96.5  16.9 90.8  15.2 <.01
VMI
VMI composite* 92.7  18.2 93.9  18.5 90.0  17.2 .06
Behavior
Inattentiony 6.3  5.5 6.1  5.3 6.9  5.8 .01
Impulsivityy 7.2  5.6 6.9  5.5 7.8  5.8 <.01
Social skills
PKBS social skills* 106.2  13.0 106.6  13.4 105.3  12.0 .28
CBCL pervasive developmental problemsy 3.4  3.3 3.3  3.1 3.6  3.8 .15
Academic achievement
Math achievement* 96.0  20.6 96.9  21.3 94.2  18.7 .11
Reading Achievement* 106.0  16.8 106.4  16.9 105.1  16.4 .40
BV, Biventricular; CBCL, Child Behavior Checklist; IQ, intelligence quotient; PKBS, Preschool and Kindergarten Behavior Rating Scales; VMI, Visual Motor Integration.
*Higher score ¼ better performance. yHigher score ¼ worse performance.
Congenital Heart Disease Gaynor et al
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greater birth weight and older gestational age were
independently associated with better performance across
multiple domains. Presence of a genetic anomaly was an
independent predictor of restricted behavior, inattention,
and impulsivity. Greater maternal education was associated
with better academic achievement. As in previous studies,
longer postoperative length of stay was associated with
worse performance in multiple domains.13 Of note, HLHS
was not predictive of worse outcomes compared with other
forms of functional SVs. The results of the single and
multiple covariate models are shown in Tables E1 to E3.
DISCUSSION
Consistent with previous studies, the results of this study
demonstrate that the majority of preschool survivors of the
Fontan procedure perform within the low-normal range
for most ND domains.13 In particular, their performance
is equivalent to those patients with a variety of cardiacTABLE 4. Prevalence and severity of impairment
BV repair (n ¼ 253)
Score 85 Score 71-84 Score 70
Cognition
Full Scale IQ 185 (74%) 37 (15%) 29 (11%)
Verbal IQ 193 (77%) 38 (15%) 21 (8%)
Performance IQ 185 (74%) 45 (18%) 21 (8%)
Processing Speed 162 (72%) 57 (25%) 7 (3%)
VMI
VMI composite 189 (75%) 36 (14%) 26 (11%)
Academic achievement
Math achievement 181 (75%) 34 (14%) 25 (11%)
Reading achievement 229 (92%) 18 (8%) 0 (0%)
Score 85 ¼ normal, score 71 to 84 ¼ moderate disability, score 70 ¼ severe disability
1280 The Journal of Thoracic and Cardiovascular Surdefects who have undergone BV repair for most domains
tested. There has been a general perception that early ND
outcomes for patients with functional SVs are significantly
worse than for children with other types of CHD. The cur-
rent study suggests that this is no longer true for many ND
domains. In addition, HLHS was not a risk factor for worse
ND disability compared with other forms of functional SV.
As did previous studies, the current study identified
impaired visual-motor integration as a problem for the pa-
tients undergoing the Fontan procedure.14 We did not find
the duration of DHCA to be associated with any outcome.
Other than the type of CHD, the patients undergoing BV
repair and those undergoing the Fontan procedure were
similar in terms of patient characteristics. There were no
differences in gender, ethnicity, degree of prematurity, birth
weight, or birth head circumference. The presence of a
definite genetic syndrome was more common in patients
undergoing BV repair (17% vs 6% in the SV group), and
the SV group was more likely to have required mechanicalFontan (n ¼ 112)
BV vs Fontan P valueScore 85 Score 71-84 Score 70
81 (73%) 20 (18%) 10 (9%) .61
90 (80%) 14 (14%) 7 (6%) .69
74 (67%) 29 (27%) 7 (6%) .17
61 (61%) 38 (37%) 3 (3%) .09
69 (62%) 29 (26%) 14 (12%) .02
84 (76%) 15 (13%) 12 (11%) .98
102 (94%) 7 (6%) 0 (0%) .65
. BV, Biventricular; IQ, intelligence quotient; VMI, Visual Motor Integration.
gery c April 2014
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operative management, there were significant differences
between the 2 groups. The patients with SV were younger
and weighed less at the time of primary surgery. They
were more likely to have DHCA and a longer postoperative
length of stay. In addition, all of the patients with functional
SVs underwent additional operations with CPB and most
were exposed to additional DHCA. These findings suggest
that overall the patients with the Fontan procedures tend
to have multiple risk factors for adverse ND outcomes.
However, despite the increased risk, ND outcomes in
patients with SVs are similar to those patients who under-
went BV repair.
Several previous studies have evaluated ND outcomes
after the Fontan procedure. These often include not only
preschool-aged patients but also older patients. In 1998,
Kern and associates2 evaluated ND outcomes in a small
group (n ¼ 15) of patients with HLHS at a mean age of
4.4 years. Median scores for Full Scale IQ and behavior
were in the low to normal range. Use of DHCA during
the Norwood procedure was identified as a risk factor for
lower IQ. Also in 1998, Uzark and colleagues3 from San
Diego evaluated 32 survivors of the Fontan procedure.
The majority of children functioned within the
normal range, but below average scores were found for
visual-motor skills in 20% of the patients. They found
that there was no significant correlation between degree
of preoperative hypoxemia before the Fontan and ND
performance. However, they did identify DHCA during
the Norwood procedure as a risk factor for lower IQ. In
2000, Goldberg and colleagues4 at the University of
Michigan evaluated ND outcomes in a cohort of patients
with SV. For the group as a whole, ND outcomes were
good, with cognitive function generally in the normal range.
However, they identified that the patients with HLHS had
significantly lower scores than the patients with other forms
of functional SV. Although neither subgroup scored
significantly lower than expected population means. They
identified lower socioeconomic status, use of DHCA,
and perioperative seizures as the predictors of worse ND
outcome.
More recently, Sarajuuri and colleagues15 from Finland
examined 27 children with HLHS or other forms of SV at
a median of 5.7 years. They found that mean Full Scale
IQ was significantly lower than the expected population
means for both patients with HLHS and patients with other
forms of SV. Cerebral palsy was identified in 1 of 7 patients
with HLHS and 2 of 10 patients with other forms of SV.
They also performed brain imagining with computed
tomography or magnetic resonance imaging and found
that abnormal findings correlated significantly with lower
Full Scale IQ and Verbal IQ.
Brosig and colleagues14 compared outcomes for pre-
school children with HLHS and transposition of the greatThe Journal of Thoracic and Cararteries. Cognitive function and academic function were
similar between the groups. However, problems with
visual-motor skills and behavior were more common in
the patients with HLHS.We previously compared outcomes
for preschool children with infants with ventricular septal
defect, tetralogy of Fallot, transposition of the great arteries,
and HLHS, and no recognized genetic anomalies.16 The
mean scores for the ND domains tested were in the normal
range. Unadjusted ND outcomes for HLHS were lower for
cognition, fine motor skills, executive function, and math
skills compared with the other patients. However, after
correction for the demographic, preoperative, and operative
variables, no significant differences were found among the
groups for any domain.Study Limitations
The management of CPB was not standardized for the
present study. By the nature of their defect, children with
SVs experience prolonged exposure to hypoxemia
compared with children with BV CHD. However, we did
not assess the severity or duration of the hypoxemia.
Patients with SV physiology also had more procedures
and more days in the hospital than patients with BV
circulation. Although we evaluated multiple ND domains,
these might have provided an incomplete assessment
of the potential ND disabilities, especially behavioral
problems. In particular, the young age of the children makes
an assessment of academic abilities difficult. Finally, for the
entire cohort, there was a significant subset of patients who
were alive but did not return for the 4-year evaluation. The
only difference in baseline and operative characteristics
between these patients and those who returned was an
under-representation of African-Americans in the returning
patients. This difference is unlikely to affect the results of
the evaluations significantly.CONCLUSIONS
Despite the need for multiple cardiac surgical
procedures, unadjusted ND outcomes for preschool-aged
survivors of the Fontan procedure are similar to those for
children with CHD undergoing BV repair for most
domains. In contrast to previous reports, among the
patients undergoing the Fontan, HLHS was not associated
with worse outcomes compared with other forms of SV
physiology. Most children function within the low
normal range for the domains tested. The occurrence of
severe impairment is greater compared with the general
population, but it is present in less than 10% of patients
for most domains tested.References
1. Feinstein JA, Benson DW, Dubin AM, Cohen MS, Maxey DM, Mahle WT, et al.
Hypoplastic left heart syndrome: current considerations and expectations.
J Am Coll Cardiol. 2012;59(1 Suppl):S1-42.diovascular Surgery c Volume 147, Number 4 1281
Congenital Heart Disease Gaynor et al
C
H
D2. Kern JH, Hinton VJ, Nereo NE, Hayes CJ, Gersony WM. Early developmental
outcome after the Norwood procedure for hypoplastic left heart syndrome.
Pediatrics. 1998;102:1148-52.
3. Uzark K, Lincoln A, Lamberti JJ, Mainwaring RD, Spicer RL, Moore JW.
Neurodevelopmental outcomes in children with Fontan repair of functional
single ventricle. Pediatrics. 1998;101(4 Pt 1):630-3.
4. Goldberg CS, Schwartz EM, Brunberg JA, Mosca RS, Bove EL, Schork MA,
et al. Neurodevelopmental outcome of patients after the Fontan operation:
a comparison between children with hypoplastic left heart syndrome and other
functional single ventricle lesions [see comment]. J Pediatr. 2000;137:646-52.
5. Gaynor JW, Gerdes M, Zackai EH, Bernbaum J, Wernovsky G, Clancy RR, et al.
Apolipoprotein E genotype and neurodevelopmental sequelae of infant cardiac
surgery. J Thorac Cardiovasc Surg. 2003;126:1736-45.
6. Wechsler D. Wechsler Preschool and Primary Scale of Intelligence. 3rd ed. San
Antonio, TX: Harcourt Assessment Company; 2002.
7. Beery K. Developmental Test of Visual Motor Integration. Administration,
Scoring and Testing Manual. 5th ed. Cleveland, OH: NCS Pearson Inc; 1989.
8. Mather N, Woodcock R. Woodcock Johnson Achievement Battery III Manual.
3rd ed. Rolling Meadows, IL: Riverside Publishing; 2001.
9. McGoey KE, DuPaul GJ, Haley E, Shelton TL. Parent and teacher ratings
of attention-deficit/hyperactivity disorder in preschool: the ADHD Rating
Scale-IV Preschool Version. J Psychopathol Behav Assess. 2007;29:269-76.
10. Merrell K. Preschool and Kindergarten Behavior Scales. Clinical Psychology
Publishing Company, Inc: Austin, TX; 1994.
11. Achenbach T, Rescorla L. Child Behavior Checklist for Ages 1 1/2-5. 601 ed.
University of Vermont, Research Center for Children, Youth, & Families: Bur-
lington, VT; 2000.
12. Gaynor JW, Nord AS, Wernovsky G, Bernbaum J, Solot CB, Burnham N, et al.
Apolipoprotein E genotype modifies the risk of behavior problems after infant
cardiac surgery. Pediatrics. 2009;124:241-50.
13. Newburger JW, Sleeper LA, Bellinger DC, Goldberg CS, Tabbutt S, Lu M, et al.
Early developmental outcome in children with hypoplastic left heart syndrome
and related anomalies: the single ventricle reconstruction trial. Circulation.
2012;125:2081-91.
14. Brosig CL, Mussatto KA, Kuhn EM, Tweddell JS. Neurodevelopmental outcome
in preschool survivors of complex congenital heart disease: implications for
clinical practice. J Pediatr Health Care. 2007;21:3-12.
15. Sarajuuri A, Jokinen E, Mildh L, Tujulin AM, Mattila I, Valanne L, et al.
Neurodevelopmental burden at age 5 years in patients with univentricular heart.
Pediatrics. 2012;130:e1636-46.
16. Gaynor JW. Is cardiac diagnosis a predictor of neurodevelopmental outcome
after cardiac surgery in infancy? J Thorac Cardiovasc Surg. 2010;140:1230-7.Discussion
Dr Frank Pigula (Boston, Mass). First, I’d like the audience to
recognize how difficult it is to perform a study like this, hundreds
of patients over several years with intensive interpretation of a lot
of data, and there are a tremendous amount of data in this article,
and you should be congratulated with your team.
After reading your article, I was left with 2 contradictory
impressions. The first was one of relief and some pleasant surprise,
really, that the SV group, including the HLHS group, performs
comparably to the BV group. Both were generally within 1 SD
of the normative mean for most domains tested, and that’s the
good news.
The second impression was some mild disappointment in that
despite the satisfactory performance of many of these domains,
up to 10% of the patients still scored 2 SDs or below the normative
mean. There were persistent deficits in the visual-motor
integration, as you mentioned, and the processing speed despite
the best efforts.
Now, although we as a community have focused strenuously on
preventing ND injuries in these patients, we’re obviously not
always successful. You have gone through many of the1282 The Journal of Thoracic and Cardiovascular Survariables, operative management variables here, that don’t seem
to necessarily protect one group versus another.
If the money is not in managing those perioperative variables,
circulatory arrest time, the number of operations, and so forth,
should we be looking elsewhere? For instance, is there a role for
remediation? Have any of these patients been introduced to early
intervention or other developmental programs to your knowledge?
Dr Gaynor. At the time of this study, there was no formal
neurocardiac follow-up program. I agree. Now, we in Boston
and many other institutions, have introduced formal neurocardiac
programs. We know this has worked to some extent in the preterm
infants and very low birth rate infants. Neonatal follow-up
programs (early intervention) have resulted in some improvement
of outcomes. It’s a good hypothesis that we should definitely be
following these children and trying to intervene. We need to check
the results and see if that actually does improve outcome.
One of the things that’s becoming of increasing importance is
the nature of the state of the brain before these children even
come to the operating room, at the time that they’re born. Studies
by Catherine Limperopoulos, Pat McQuillen, Steven Miller, and
Dan Licht have shown that brain development, particularly in
the third trimester, is greatly delayed in children with all forms
of CHD. Brain volumes brain maturation, and complexity are
lower, and this probably results in a brain that’s similar to a
preemie brain when they’re born. That probably means in part
that there is an immature population of oligodendrocytes who
are going to be more vulnerable to hypoxic-ischemic injury.
White matter injury is what leads to issues such as executive
function disorders and visual-motor integration disorders; the
white matter traps are disturbed.
There is an article that just came out in Circulation from
New Zealand and Australia showing that the maturation score at
the time of birth was the strongest predictor of ND outcomes at
2 years of age, so brain immaturity. We need to begin looking
outside the operating room and at ways to protect these vulnerable
brains both preoperatively and postoperatively.
Dr Pigula. You’ve alluded in the article to previous studies,
some of which have found differences with the SV in terms of their
outcomes and others that really haven’t. But looking over the data
and your presentation, the management differences between the 2
groups were really striking. The SV cases had multiple operations
and multiple exposures to circulatory arrest. The BV repair is
generally 1 operation, and less than half of those were exposed
to circulatory arrest and for shorter times.
I was struck by the similarity of the ND data. In your thinking
about this in preparation of the article, how do you account for
the discrepant findings from what you found here and what seems
to be the complete disregard for operative management in terms of
outcomes and how you would reconcile those?
Dr Gaynor. If you look at the most recent data on early ND
outcomes for this population from the Single Ventricle Recon-
struction trial, which was recently published a year ago and had
more than 300 kids with HLHS who came back and had an ND
evaluation at 14 months of age, the results are similar. No operative
management strategies were found. The blood gas management,
use of cerebral reperfusion, use of DHCA, and bypass time were
not found to be important. Maternal education, socioeconomic fac-
tors, the presence of genetic anomalies, the longer length of stay,gery c April 2014
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Dand mechanical ventilation were important factors. What this
means is some of those are just a marker of general sickness.
The longer you’re in an intensive care unit and on ventilation,
you may have more risk for injury, maybe even low cardiac output.
I think that confirms the findings here. But it’s not the operative
variables that are important; we need to be broadening our view-
point to look at how to protect these brains.
Dr Pigula. When you’re counseling these families and the
parents, and this question does come up, as it invariably does
many times, I’m just wondering how you counsel them?
DrGaynor. I always tell them that there is a risk of brain injury;
I specifically mention stroke and seizure, which are fairly low; and
I say that a lot of these kids will have some sort of developmental
problems or learning disability, and that we have a neurocardiac
follow-up clinic and that we need to follow them very carefully.
That’s usually my base; if they have additional questions, I go
into more detail.
Dr Christian Pizarro (Wilmington, Del). Bill, that was a beau-
tiful presentation and a fascinating data set. Did you have the
opportunity to look at the patients who follow a pathway of a
bidirectional Glenn followed by extracardiac Fontan versus the
patients who had a hemi-Fontan followed by a lateral tunnel, using
additional periods of circulatory arrest later in life. There is still
enough controversy that surgeons prefer one pathway over the
other, and with the idea that if you minimize circulatory arrest
occurrences over time, your developmental outcome is going to
be better. I wonder if you had an opportunity to look at that.
Dr Gaynor. We did not break it down by that. We do have
children who had both pathways. In general, the Glenn was done
without circulatory arrest and the hemi-Fontan was used only
with a short period of circulatory arrest. But I have not broken
down the data to try to look at that with any SVs.
Dr Pizarro. Last year we presented ND outcome data from our
institution at this meeting, and to our surprise we found that
patients tended to score better on the fine motor skills rather
than on the gross motor component, and we didn’t know if it
was because of the order sequence of the domains tested. Is that
something you found and is that concurrent with your previous
data?
Dr Gaynor. Gross motor skills were usually tested by just the
examiners: the normal, abnormal, suspect. We tested fine motor
with the group pegboard. There clearly are fine motor deficits,
but we haven’t correlated those to look at gross and fine.
Dr Pizarro. I see that you included patients with known genetic
syndromes. Obviously we would expect those patients would have
a worse neurodevelopment. During the analysis, did you control
for that in your multivariate model, and if so, did circulatory arrestThe Journal of Thoracic and Carcontinue to be absent from the model, and how do you think this
might have influenced your observation?
Dr Gaynor. When we looked at the predictors within the
Fontan subgroup, genetic anomaly and circulatory arrest were
included as candidate predictors. So the fact that genetic anomalies
came out in 1 or 2 of the analyses suggests that they are an
independent predictor, and circulatory arrest did not come out in
any of the multivariate models. So they were both included in
the model.
Dr Carl Backer (Chicago, Ill). I have a quick comment and
question. John Costello gave a talk on Saturday about the
influence of gestational age on mortality. I see that it is one
of the factors that you found important. That may be an alter-
able factor in some cases. So I think all of us need to go out
and spread the word that 39 or 40 weeks is when these babies
should be delivered, not earlier. Do you have a comment on
that?
Dr Gaynor. At this meeting 2 years ago, we presented our data
showing that younger gestational age, even in the subgroup of 36 to
38 weeks, each week of younger gestational age is associated with
a decrement in performance. So even within what’s thought to be
near term, earlier gestational age is associated with a worse
outcome. So I would agree completely. The American College
of Obstetricians and Gynecologists now recommends that there
be no elective delivery, induction or C-section, before 39 weeks,
even for normal children. So I think our data match the Boston
data, John Costello’s data, where prematurity, even mild degrees,
37 or 38 weeks, is associated with increased mortality and longer
intensive care unit stays, and we can show worse ND outcomes at
4 years of age.
Dr V.Mohan Reddy (Stanford, Calif). What do you dowith the
patients who are already prematurely born? Is it better to wait
until they mature or leave them on ventilation and unstable
hemodynamics? It’s a tough call.
Dr Gaynor.We individualize. In general, we don’t wait a long
time. We usually go ahead. I mean it’s a factor we have to deal
with; we usually go head and fix the children. Recently, in some
children who are premature with a variety of lesions, particularly
if they have severe lung disease or something else, we use a
hybrid procedure to try to stay off bypass and improve their
hemodynamics. That’s been successful in some of the children.
But I agree, I don’t think waiting for growth is going to help
because that may be the worst time; there is runoff from a
ductus, they may be hypoxic, there is vulnerable white matter,
and that’s probably one of the worst things you can do for brain
development.
Dr Reddy. I agree.diovascular Surgery c Volume 147, Number 4 1283
TABLE E1. Regression analysis: Cognition
WPPSI Full Scale IQ WPPSI Verbal IQ WPPSI Performance IQ WPPSI Processing Speed Visual-Motor Integration
Univariable Multivariable Univariable Multivariable Univariable Multivariable Univariable Multivariable Univariable Multivariable
(n ¼ 111) (R2 ¼ 0.30) (n ¼ 112) (R2 ¼ 0.24) (n ¼ 110) (R2 ¼ 0.20) (n ¼ 102) (R2 ¼ 0.19) (n ¼ 112) (R2 ¼ 0.21)
Patient characteristics
Race <0.01 () <0.01 () <0.01 () <0.01 (þ)
Caucasian (reference) 0.60
Black <0.01 () <0.01 () <0.01 () <0.01 () 0.36
Other 0.59 0.17 0.74 0.10 0.60
Gender 0.98 0.86 0.69 0.88 0.93
Greater birth weight 0.03 (þ) 0.24 <0.01 (þ) 0.01 (þ) <0.01 (þ) <0.01 (þ) <0.01 (þ)
Greater birth head circumference 0.07 0.25 0.02 (þ) <0.01 (þ) <0.01 (þ)
Older gestational age <0.01 (þ) 0.03 (þ) 0.06 <0.01 (þ) <0.01 (þ) <0.01 (þ) <0.01 (þ)
Presence of genetic anomaly <0.01 () 0.01 () <0.01 () 0.17 <0.01 ()
Normal (reference)
Suspected 0.01 () 0.03 () <0.01 () 0.25 0.05 ()
Confirmed 0.01 () 0.02 () 0.02 () 0.11 <0.01 ()
APOE genotype 0.80
ε3/ε3 (reference) 0.80 0.62 0.62 0.40
ε2/ε2 ε2/ε3 0.74 0.92 0.48 0.49 0.22
ε3/ε4 ε4/ε4 0.53 0.51 0.41 0.41 0.39
Greater maternal education
Less than high school (reference) 0.09 0.36 0.09 0.34 0.05 (þ)
Finished high school/some college 0.98 0.75 0.70 0.54 0.57
Finished college 0.76 0.75 0.96 0.35 0.97
Graduate school 0.10 0.42 0.09 0.12 0.08
Higher socioeconomic status
Professional (reference) 0.21 0.22 0.40 0.55 0.78
Skilled/clerical 0.99 0.86 0.98 0.15 0.64
Unskilled 0.86 0.76 0.76 0.31 0.48
Semi-skilled 0.23 0.30 0.40 0.25 0.95
Presence of HLHS vs other SV 0.18 0.97 0.02 () 0.81 0.82
Use of preoperative mechanical ventilation 0.37 0.63 0.28 0.71 0.16
First operation
Older age at first surgery 0.47 0.88 0.23 0.38 0.70
Greater weight at first surgery 0.10 0.38 0.01 (þ) 0.05 (þ) 0.04 (þ)
Longer duration of CPB at first operation 0.08 0.05 () 0.44 0.54 0.39
Longer duration of DHCA at first
operation
0.10 1.00 0.01 () 0.16 0.52
Higher hematocrit after hemodilution 0.01 (þ) 0.04 (þ) 0.01 (þ) 0.03 (þ) 0.04 (þ) 0.14 0.05 (þ) 0.04 (þ)
Longer postoperative length of stay <0.01 () <0.01 () <0.01 () <0.01 () <0.01 () 0.01 () <0.01 () 0.03 () <0.01 () <0.01 ()
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TABLE E1. Continued
WPPSI Full Scale IQ WPPSI Verbal IQ WPPSI Performance IQ WPPSI Processing Speed Visual-Motor Integration
Univariable Multivariable Univariable Multivariable Univariable Multivariable Univariable Multivariable Univariable Multivariable
(n ¼ 111) (R2 ¼ 0.30) (n ¼ 112) (R2 ¼ 0.24) (n ¼ 110) (R2 ¼ 0.20) (n ¼ 102) (R2 ¼ 0.19) (n ¼ 112) (R2 ¼ 0.21)
Additional operations
Greater No. of additional operations
with CPB
0.23 0.47 0.12 0.61 0.57
Longer duration of additional CPB <0.01 () <0.01 () <0.01 () 0.02 () <0.01 () 0.01 () 0.05 0.08
Longer duration of additional DHCA 0.81 0.71 0.70 0.61 0.74
þ ¼ better performance,  ¼ worse performance. APOE, Apolipoprotein E; CPB, cardiopulmonary bypass; DHCA, deep hypothermic circulatory arrest; HLHS, hypoplastic left heart syndrome; IQ, intelligence quotient; SV, single
ventricle; WPPSI, Wechsler Preschool and Primary Scale of Intelligence, Third Edition.
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TABLE E2. Regression analyses: Behavior and social skills
Inattention Impulsivity Restricted Behavior Social Skills
Univariable Multivariable Univariable Multivariable Univariable Multivariable Univariable Multivariable
(n ¼ 112) (n ¼ 112) (n ¼ 112) (n ¼ 112) (n ¼ 112) (n ¼ 112) (n ¼ 112) (n ¼ 112)
Patient characteristics
Race 0.05 (þ) <0.01 (þ) 0.21 0.47
Caucasian (reference)
Black 0.02 () <0.01 () 0.07 0.22
Other 0.64 0.20 0.79 0.99
Gender 0.30 1.00 0.04 (þ) 0.03 (þ) 0.86
Greater birth weight <0.01 (þ) <0.01 (þ) 0.02 (þ) 0.13
Greater birth head
circumference
<0.01 (þ) <0.01 (þ) <0.01 (þ) <0.01 (þ) 0.06 0.12
Older gestational age <0.01 (þ) 0.04 (þ) <0.01 (þ) 0.02 (þ) 0.13
Presence of genetic
anomaly
<0.01 () <0.01 () <0.01 () 0.01 () <0.01 () <0.01 () <0.01 ()
Normal (reference)
Suspected 0.01 () <0.01 () 0.86 0.78 0.47 0.31 0.02 ()
Confirmed <0.01 () <0.01 () <0.01 () <0.01 () <0.01 () <0.01 () 0.01 ()
APOE genotype 0.30 <0.01 (þ) 0.29 0.81
ε3/ε3 (reference)
ε2/ε2 ε2/ε3 0.29 0.15 0.92 0.99
ε3/ε4 ε4/ε4 0.18 <0.01 (þ) 0.14 0.54
Greater maternal
education
0.01 (NS) <0.01 (þ) 0.10 0.40
Less than high school
(reference)
Finished high school/
some college
0.09 0.23 0.55 0.66
Finished college 0.23 0.45 0.38 0.92
Graduate school 0.82 0.03 () 0.04 0.51
Lower socioeconomic
status
0.01 () <0.01 () <0.01 (þ) <0.01 (þ) 0.04 (NS) 0.77
Professional (reference)
Skilled/clerical 0.25 <0.01 () 0.81 0.10 0.29 0.61
Unskilled 0.40 0.02 () 0.12 0.64 0.58 0.93
Semi-skilled 0.34 0.37 <0.01 (þ) <0.01 (þ) 0.42 0.82
Presence of HLHS vs
other SV
0.50 0.68 0.86 0.31
Use of preoperative
mechanical ventilation
<0.01 () <0.01 () <0.01 () <0.01 () 0.01 () 0.02 () 0.07
First operation
Older age at first surgery 0.20 0.44 0.56 0.17
Greater weight at first
surgery
0.34 0.09 0.14 0.42
Longer duration of CPB
at first operation
0.02 () <0.01 () 0.75 0.02 () <0.01 () 0.17
Longer duration of
DHCA at first operation
0.90 0.43 0.49 0.60
Higher hematocrit after
hemodilution
<0.01 (þ) <0.01 (þ) 0.05 (þ) 0.10
Longer postoperative
length of stay
<0.01 () 0.01 () <0.01 () 0.01 ()
Additional operations
Greater No. of additional
operations with CPB
0.09 0.68 0.17 0.22
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TABLE E2. Continued
Inattention Impulsivity Restricted Behavior Social Skills
Univariable Multivariable Univariable Multivariable Univariable Multivariable Univariable Multivariable
(n ¼ 112) (n ¼ 112) (n ¼ 112) (n ¼ 112) (n ¼ 112) (n ¼ 112) (n ¼ 112) (n ¼ 112)
Longer duration of
additional CPB
0.34 0.47 0.19 0.85
Longer duration of
additional DHCA
0.10 0.07 0.22 0.26
þ¼ better performance,¼worse performance. APOE, Apolipoprotein E; CPB, cardiopulmonary bypass; DHCA, deep hypothermic circulatory arrest; HLHS, hypoplastic left
heart syndrome; SV, single ventricle.
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TABLE E3. Regression analyses: Academic achievement
Mathematics Reading
Univariable Multivariable Univariable Multivariable
(n ¼ 109) (n ¼ 106) (n ¼ 107) (n ¼ 102)
Patient characteristics
Race <0.01 () <0.01 () <0.01 (þ) <0.01 (þ)
Caucasian (reference)
Black <0.01 () <0.01 () <0.01 () <0.01 ()
Other 0.25 0.61 0.50 0.56
Gender 0.41 0.97
Greater birth weight 0.01 (þ) 0.81
Greater birth head circumference 0.07 0.98
Older gestational age 0.01 (þ) 0.31
Presence of genetic anomaly 0.02 () 0.05 (þ)
Normal (reference)
Suspected 0.13 0.02 (þ)
Confirmed 0.01 () 0.27
APOE genotype
ε3/ε3 (reference) 0.59 0.61
ε2/ε2 ε2/ε3 0.97 0.91
ε3/ε4 ε4/ε4 0.31 0.32
Greater maternal education 0.03 (þ) <0.01 () <0.01 ()
Less than high school (reference)
Finished high school/some college 0.30 0.11 0.26
Finished college 0.19 0.04 () 0.24
Graduate school 0.01 (þ) <0.01 () <0.01 ()
Lower socioeconomic status
Professional (reference) 0.23 0.04 (NS)
Skilled/clerical 0.69 0.85
Unskilled 0.41 0.30
Semi-skilled 0.10 0.07
Presence of HLHS vs other SV 0.94 0.79
Use of preoperative mechanical ventilation 0.39 0.54
First operation
Older age at first surgery 0.40 0.80
Greater weight at first surgery 0.02 (þ) 0.48
Longer duration of CPB at first operation 0.34 0.33
Longer duration of DHCA at first operation 0.64 0.44
Higher hematocrit after hemodilution 0.14 0.24
Longer postoperative length of stay <0.01 () <0.01 () 0.11
Additional operations
Greater No. of additional operations with CPB 0.38 0.36
Longer duration of additional CPB 0.02 () 0.03 () 0.05 (þ)
Longer duration of additional DHCA 0.24 0.47
þ¼ better performance,¼worse performance. APOE, Apolipoprotein E; CPB, cardiopulmonary bypass; DHCA, deep hypothermic circulatory arrest; HLHS, hypoplastic left
heart syndrome; SV, single ventricle.
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